Abstract. The existence of nitrite-oxidizing bacteria (NOB) is regarded as one of the main problems in completely autotrophic nitrogen removal over nitrite (CANON) process. In this study, the microbial community structure and distribution of NOB in a lab-scale CANON reactors were investigated at different dissolved oxygen (DO) levels at ambient temperature. Results indicated a distinct community shift of NOB when DO increased from 0.5 mg/L to 1.0 mg/L. Phylogenetic results indicated the predominant NOB were Nitrobacter hamburgensis, Nitrobacter alkalicus and Nitrobacter winogradskyi in the system, all of which coexisted with aerobic ammonium-oxidizing bacteria (AerAOB) and anaerobic ammonium-oxidizing bacteria (AnAOB) without a distinguishable niche on the biofilm.
Introduction
Several novel nitrogen-removal processes have been developed in the past decades, one of which is completely autotrophic nitrogen-removal over nitrite (CANON), a process in which ammonium is autotrophically oxidized to dinitrogen gas with nitrite as the electron acceptor in oxygen-limited condition [1] . In this process, aerobic ammonium-oxidizing bacteria (AerAOB) converts ammonium to nitrite with oxygen as the electron acceptor while anaerobic ammonium-oxidizing bacteria (AnAOB) subsequently oxidizes ammonium with nitrite as the electron acceptor [2, 3] . Compared with traditional A/O or A/A/O nitrogen removal process, CANON process consumes 63% less oxygen and nearly 100% less reducing agent, making it one of the most efficient and economical nitrogen removal processes. As is known, the existence of nitrite-oxidizing bacteria (NOB) is regarded as one of the main problems in CANON process. That is to say, for ensuring stable operation of CANON process, the efficient suppression or out-selection of NOB is vital [4] .
Up to now, some strategies have been applied to suppress the growth of NOB. The most reported methods included high free ammonia (FA) concentration [5, 6] , high free nitrous acid concentration [6] , low dissolved oxygen (DO) concentration [7] , high ammonia loading [8] and high salt concentrations [9] , etc. All these methods mentioned above are based on the different habitats of AerAOB and NOB. However, in the real autotrophic CANON system, it would be difficult and uneconomical to keep high FA, high free nitrous acid or high salt concentration for a long time. Nevertheless, decreasing DO concentration is regarded as an economical way to suppress NOB. Previous study showed the oxygen saturation coefficients (Ks) of AOB and NOB were 0.3 mg/L and 1.1 mg/L respectively, and other studies also showed the optimal DO concentration to suppress NOB was below 0.5 mg/L [10] [11] [12] . As a result, the structure of NOB community would be significantly affected with the variation of DO concentration in the CANON system, which, is important for the stability of CANON process. However, the response of NOB community to the DO variation in CANON process is still not clear.
In this study, the microbial community structure and distribution of NOB in a lab-scale CANON reactors were investigated at different DO levels at ambient temperature. The information related with the microbial characteristics of NOB is essential and may further improve nitrogen removal efficiency in CANON.
Materials and Methods
A lab-scale CANON reactor made of polymethyl methacrylate that filled with volcanic rock (4-6 mm in diameter and 80% in porosity, 40.0 L in total volume and 9.0 L in working volume) was used in the study. DO was controlled at three levels (0.5, 0.7, 1.0 mg/L) while hydraulic retention time (HRT) was maintained at 1.0 h. The reactor was exposed to ambient temperature (12-20°C). Synthetic wastewater was fed into the reactor with the composition of NaHCO 3 , (NH 4 ) 2 SO 4 and KH 2 PO 4 , together with a small amount of trace element solution. The wastewater was pumped continuously from the bottom of the reactor and output from the upper outlet. In this study, the reactor had been operated stably for a couple of months with steady nitrogen removal capacity (TN and NH 4 + -N removal efficiency of 1.09 kg/(m 3 ·d) and 0.85 kg/(m 3 ·d), respectively).
Some pieces of volcanic were collected and biofilm was removed from the volcanic with sterile brush and collected into 10 mL sterile plastic test tube. Total DNA was extracted using a bacterial genomic mini extraction kit (Tiangen, China) according to the manufacturer's manual. The primers F1nxrA (with GC-clamp) and F2nxrA were used to amplify nxrA fragments of Nitrobacter. The primer sequences and oligonucleotide probes used in this study were listed in Table 1 . Ther mocycling was performed in Takara PCR Thermal Cycler Dice with a total volume of 50 µL PCR mixture, which contained 5 µL 10×PCR buffer, 4 µL deoxynucleoside triphosphate solution, 2 µL of each primer (10 mM), and 1.25 U of DNA polymerase (Takara, Japan).
For DGGE analysis, the PCR products were separated on 8% (w/V) polyacrylamide gels with a 30-60% linear gradient of denaturant. The gel was conducted at 60°C and 120 V for 7 h on a Dcode Universal Mutation Detection System (Bio-Rad). The target DNA fragments were sequenced on an ABI 3730 DNA sequencer by a commercial service (Sangon, China). All sequences obtained were compared with the reference microorganisms available in GenBank by BLAST search.
For FISH analysis, the biofilm samples were dispersed into small clusters by ultrasonication for 10 min before fixing in a 4% paraformaldehyde solution for 4 h and then resuspended in a 1:1 mixture of PBS and 100% ethanol. The hybridized slices were viewed on Olympus BX51 microscope equipped with U-RFL-T fluorescent lamps. Image acquisition was done by CellSens Dimension software (version 1.6). 
Results and Discussion
Microbial Community Structure of NOB DGGE profiles of NOB was shown in Figure 1 . NOB could be detected during the whole operation when the CANON reactor had a relatively stable nitrogen-removal capacity (TN and NH 4 + -N removal efficiency of 1.09 kg/(m 3 ·d) and 0.85 kg(m 3 ·d) respectively). The existence of NOB was consistent with previous report that NOB could be detected in CANON process operated at ambient temperature [12] . The existence of NOB in the system might affect the reactor's performance because it might compete with AerAOB for DO or compete with AnAOB for nitrite in the system. Thus, it could be concluded that the nitrogen removal efficiency of the reactor would be improved accordingly if some appropriate strategies were conducted to eliminate NOB effectively. DGGE profiles of nxrA fragments ( Figure 1 ) revealed a distinct change of NOB from DO level of 0.5 mg/L to 1.0 mg/L. The community structure of NOB at DO of 0.5 mg/L and 0.7 mg/L kept stable. However, only three bands existed at DO level of 1.0 mg/L, indicating a reduction of NOB's biodiversity when DO concentration increased. Band 1, 2, 5-related Nitrobacter were relatively broad spectrum NOB since these three bands existed in the three lanes and with higher optical density. Band 3, 4-related NOB was eliminated with the increasing of DO, indicating these kinds of NOB get used to lower DO conditions. DNA sequencing of the five bands (Table 2) showed band 1 had a 96% similarity to Nitrobacter hamburgensis while band 3 showed a close relationship with Nitrobacter alkalicus. Similarly, band 4 and 5 related NOB was Nitrobacter winogradskyi.
Spatial Distribution of Functional Bacteria
The spatial distributions were detected by FISH (Figure 2 ). AerAOB (red), AnAOB (blue) and NOB (green) could be detected in all three DO levels and these three types of bacteria did not show a distinct distribution. Previous reports illustrated that AnAOB was abundantly distributed in the inner part while AerAOB existed in the outer layer of the biofilm so as to form DO gradient along the biofilm [3] . Particularly, the FISH At the DO of 0.5 mg/L, AerAOB (red) and AnAOB (blue) were dominant in the biofilm. In phase II, more NOB was detected while AnAOB became the dominant population. When DO increased to 1.0 mg/L, more NOB appeared and the population of AnAOB decreased remarkably, which was not benefit for CANON process. Nitrobacter winogradskyi 95% AF344874 α-proteobacteria Figure 3 . FISH images of biofilm samples at different DO levels (red: AerAOB; blue: AnAOB; green: NOB; magnification: 400 ×).
Conclusion
NOB community structure changed obviously when DO increased from 0.5 mg/L to 1.0 mg/L. Phylogenetic results indicated the predominance NOB were Nitrobacter hamburgensis, Nitrobacter alkalicus and Nitrobacter winogradskyi in the system, all of which coexisted with AerAOB and AnAOB, and showed no distinguishable niche on the biofilm.
